Abstract
Introduction
Solar radiation mainly reaches the earth's surface in the form of shortwave radiation. With a changing climate, the amount of solar radiation reaching the earth's surface is also changing. In this regard, the monitoring and analysis of solar radiation over a region is important. Satellite data is good for the analysis of solar radiation because of its better spatial coverage compared to the ground measurements.
The sun is also the source of solar energy. Efficient use of solar energy not only decreases reliance on fossil fuels, but will also reduce environmental degradation associated with fossil fuels (Atilgan and Azapagic, 2015; Singh et al., 2011) . Its availability over the earth's surface varies from place to place due to factors including latitude, elevation and cloud cover. The geographic location of South Africa is highly favorable for solar energybased applications. Previous studies (Schulze and McGee, 1976; Drummond and Vowinckel, 1957) indicate that over South Africa daily insolation may reach up to 29 MJm -2 . The population of South Africa is over 50 million and to satisfy energy demand sustainably renewable energy is necessary. Development of any country's renewable energy potential is important for sustainable development. Solar energy is considered as the most reliable renewable energy resources (Kleissl, 2013) . It is freely available, but collecting and transforming it is not very much cost-effective (Kougias et al., 2016) . Means of collecting solar energy include photovoltaic systems (PV), solar thermals (solar water heaters, solar hot water panel, solar hot water collector), and solar thermal and PV working together. Before installing any solar energy collecting device at any site it is advisable to perform a detailed analysis of the site, as any wrong information may lead to sub-optimal performance and unexpectedly poor economic returns. For example, the size and design of PV systems to be installed at any site should be decided after proper solar resource assessment (Munzhebdi and Sebitosi, 2009 ). To assess a site's solar energy potential, long-term solar radiation data is needed. Typical meteorological year (TMY) data have been also used in many solar resource assessment studies (Kleissl, 2013) -that is, a longterm average of solar irradiance. TMY data, which represent the typical conditions, might be less useful where substantial variability and extremes in weather are observed.
While information related to incoming solar radiation is valuable, observational solar radiation data is sparse. Radiometric stations provide data for single locations and sometime for a relatively short duration. In this case, satellite data are reliably sourced. There is no doubt that in situ observations are valuable but satellite data are arguably a better option due to their better spatial coverage. It is necessary to understand the characteristics of data carefully in order to use them for solar resource assessment, as requirements for different projects vary. The focus of solar radiation project on a PV installation requires mainly global horizontal irradiance (GHI) dataset, while concentrating solar power needs a direct normal irradiance (DNI) dataset. For some solar projects, exceedance probabilities (P10, P50, P90, P95 and P99) of GHI and DNI are also calculated. The present study aims to study SW Flux , from MERRA 2D reanalysis data over the nine provinces (see details in Section 2). SW Flux data were analysed in all the provinces separately to understand its variation on provincial scale. The provinces were also ranked on the basis of available SW Flux . Studies based on rank are useful to convert large information into digestible information and it is easier to remember and present rank than actual values. In many renewable energy studies ranking method has been used (Şengül et al, 2015; Mohamadabadi et al. 2009; Goumas and Lygerou, 2000) . Solar energy studies that focus on provinces can help governmental decision-making on a provincial scale. This study can also assist small-to-large solar energy investors, construction engineers, tourism industries and architects to plan activities and make decisions in their respective areas. It can also serve as a baseline for further studies related to solar energy potential using MERRA 2D data.
Study area and datasets
South Africa lies between 22°-34° S latitude and 16°-32° E longitude. On the west it is bounded by the Atlantic Ocean; on the south and east by the Indian Ocean; on the North by Namibia, Botswana and Zimbabwe; and by Mozambique and Swaziland on the north-east. There are nine provinces: Free State, Northern Cape, Western Cape, Gauteng, Mpumalanga, North West, Limpopo, KwaZulu-Natal and Eastern Cape (Figure 1 ). There are four primary climatic zones: desert (Northern Cape, North-Eastern parts of Western Cape); arid (Lim- popo, Mpumalanga, North-West, Free State, the western parts of KwaZulu-Natal and the Eastern Cape); sub-tropical wet (coastal strip of KwaZuluNatal and the Eastern Cape); and Mediterranean winter rainfall (south-western coastal strip of Western Cape) (JWAF, 1999) .
Monthly MERRA 2D datasets going back to 1979 were released in 2010 by the NASA, with data generated using Version 5 of the Goddard earth observing system atmospheric model and data assimilation system (Rienecker et al., 2011) . These datasets are widely used in the scientific community (Chand et al., 2016; Robertson et al., 2011; Schubert et al., 2011) . The spatial resolution of the datasets is 2/3 o (longitude) x 1/2 o (latitude). More details on MERRA 2D data can be found at http://giovanni.sci.gsfc.nasa.gov/ giovanni/. The present analysis used MERRA 2D monthly SW Flux .
Methodology
SW Flux data were used to calculate long-term annual, seasonal and monthly means along with standard deviation (SD). These data were separated into three decades 1980s (1980-1989), 1990s (1990-1999) and 2000s (2000-2009) and analysed for annual, monthly and seasonal averages. Three metrics were calculated in order to compare the solar energy potential (based on the mean values) of provinces: solar energy potential number (SEPN), total solar energy potential number (TSEPN), and solar energy potential rank (SEPR). SEPN was calculated first by determining the mean values of SW Flux for each province, and those with maximum (minimum) SW Flux were given a SEPN value of 1 (9), respectively. The same procedure was applied for annual, seasonal and monthly time scales. TSEPN was calculated as the sum of all the SEPNs. The smallest TSEPN was given the first rank and the largest TSEPN was given the last rank. The provinces where the values of SW Flux were equal were given equal rank.
Results and discussions

Spatial variation of SW Flux from 1980 to 2009
Solar radiation at any location depends upon the land elevation, sunshine duration, cloud cover, moisture and dust content (Singh et al., 2013; Drummond and Vowinckel, 1957) . Figure 2 shows spatial variation of the annual mean SW Flux in South Africa from 1980 to 2009, where it can be clearly observed that the north and north-west regions of South Africa receives more solar radiation than the south and south-east. Annual, monthly and seasonal means are presented as mean ± SD. The monthly mean values of SW Flux (1980 Flux ( -2009 show that Northern Cape received the highest (267.38 ± 4.32 Wm -2 ) incoming solar radiation throughout the year, followed by the North West (263.37 ± 7.13 Wm -2 ) and Free State (259.20 ± 7.66 Wm -2 ); Limpopo also received a good amount of SW Flux (257.95 ± 6.16 Wm -2 ), while KwaZuluNatal received the least (232.99 ± 7.02 Wm -2 ). The mean magnitude of percentage difference with respect to Northern Cape was also calculated ( Table  1) . The maximum was recorded by KwaZulu-Natal at 12.86% and the minimum by North West at 1.50%. Table 2 , which shows that during the winter and autumn months Limpopo had higher SW Flux than other provinces. Present studies of SW Flux results on annual and seasonal scale show similarity to the maps generated using the United States National Renewable Energy Laboratory database (Fluri, 2009 ). These maps show that the solar radiation was higher in Northern Cape during summer and spring and lower in winter. The monthly mean values of SW Flux (1980 Flux ( -2009 with SD are presented in Table 2 . In almost all the provinces the SW Flux was higher in December and lower in June. .46 Figure 5 ). This could be attributed to increasing air pollution, which reduces the amount of solar radiation reaching the earth's surface (Gan et al., 2014 , Singh et al., 2012 .
Variation of SW Flux in different seasons
Spatial variation of SW
SEPR for the nine provinces of South
Africa SEPR was calculated on annual, seasonal and monthly scales. Annually, the Northern Cape ranked first, followed by North West (Table 4) . Seasonally the North West ranked first, followed by Northern Cape and Limpopo. The monthly scale showed that North West again ranked first, followed by Limpopo. KwaZulu-Natal did not performed well on annual, seasonal and monthly. The good solar energy potential of Northern Cape was reported previously (Fluri, 2009 ). The present study found that North West and Limpopo also showed good solar energy potential (Table 4) . Concentrating solar power and PV are important for harvesting solar radiation from the recognised high solar energy potential areas.
Conclusions
In order to contribute to better understanding the solar energy potential of different provinces of South Africa, annual, seasonal, and monthly variability in SW Flux was studied using MERRA 2D data 
